A Novel Poxvirus-Based Vaccine, MVA-CHIKV, Is Highly Immunogenic and Protects Mice against Chikungunya Infection

C hikungunya virus (CHIKV) is an alphavirus of the family
Togaviridae that is transmitted by mosquitoes of the genus Aedes (1) . The virus causes chikungunya fever in humans, a disease characterized by skin rash, high fever, headache, vomiting, myalgia, and, mainly, polyarthralgia (1) (2) (3) (4) (5) (6) . Most of the symptoms resolve after 10 days, but the polyarthralgia can persist for months or years (4, 6, 7) , and severe symptoms, such as encephalitis, hemorrhagic disease, and mortality, have also been described (5, 8, 9) .
CHIKV contains a positive, single-stranded RNA genome of around 11.8 kb which encodes four nonstructural and five structural proteins (10, 11) . The nonstructural proteins (nsP1, nsP2, nsP3, and nsP4) are required for virus replication. The structural proteins are cleaved by capsid (C) autoproteinase and signalases from a polyprotein precursor to generate the C and envelope (E3, E2, 6K, and E1) proteins (10) (11) (12) . Virions are 70-nm enveloped particles containing 240 heterodimers of E1/E2 glycoproteins on their surfaces (13) .
CHIKV infection was first described in 1952 in Tanzania, and the virus was isolated in 1953 (14) . In 2005, CHIKV reemerged as an outbreak on La Réunion Island (15) and has spread to different places in Africa, islands in the Indian Ocean, India, Southeast Asia, and southern Europe, affecting millions of people (3, (16) (17) (18) (19) (20) (21) (22) (23) , revealing that the virus is a public threat that could cause a worldwide epidemic (4, 6, 24, 25) . Thus, the development of a prophylactic CHIKV vaccine is a high priority that has been moving forward to control CHIKV infection (26) . Several vaccine approaches against CHIKV, such as a formalin-inactivated CHIKV (27) (28) (29) , a live attenuated CHIKV (30, 31) , a recombinant E2 protein-based vaccine (32) , chimeric alphavirus vectors (33) (34) (35) , an adenovirus vector (36) , a virus-like particle vaccine (37) (38) (39) , DNA vaccines (40, 41) , an internal ribosome entry site (IRES)-based live attenuated CHIKV vaccine (42) (43) (44) , and a recombinant measles vaccine (45) , have been developed. However, currently there (recruited by the Centro de Transfusión de la Comunidad de Madrid, Madrid, Spain) were obtained by Ficoll gradient separation on FicollPaque (GE Healthcare). Next, CD14 ϩ monocytes were purified by depletion using a Dynabeads untouched human monocyte kit (Invitrogen Dynal AS, Oslo, Norway), by following the manufacturer's protocol. Then, human moDCs were obtained as previously described (51) , after cultivation of purified monocytes for 7 days in six-well culture plates (3 ϫ 10 6 cells/well at 1 ϫ 10 6 cells/ml) in complete RPMI 1640 medium containing 10% FCS and supplemented with 50 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and 20 ng/ml interleukin 4 (IL-4) (both from Gibco-Life Technologies). The purity of sorted DC populations was Ͼ99%. Cell cultures were maintained at 37°C (HeLa, CEF, and THP-1 cells and moDCs) or 39°C (DF-1 cells) in a humidified incubator containing 5% CO 2 . Cell lines were infected with viruses as previously described (50, 53) . Virus infections were performed in the presence of 2% FCS for all cell types.
The poxvirus strain used in this study as the parental virus for the generation of the recombinant MVA-CHIKV is a modified vaccinia virus Ankara (MVA) strain (obtained from the Ankara strain after 586 serial passages in CEFs; this strain is derived from clone F6 at passage 585, kindly provided by G. Sutter, Germany). We modified this virus by inserting the gene encoding the green fluorescent protein (GFP) into the thymidine kinase (TK) locus and by deleting the immunomodulatory vaccinia virus (VACV) genes C6L, K7R, and A46R. The GFP cassette in the TK locus was replaced by the CHIKV cassette to generate MVA-CHIKV. We also used in this study the parental attenuated MVA (referred to as wild-type MVA [MVA-WT]). All viruses were grown in primary CEFs, purified by centrifugation through two 36% (wt/vol) sucrose cushions in 10 mM TrisHCl, pH 9, and titrated in DF-1 cells by a plaque immunostaining assay, as previously described (54) . The titer determinations of the different viruses were performed at least three times. All viruses were free of contamination with mycoplasmas, fungi, or bacteria.
Construction of the infectious CHIKV clone LR2006-OPY1 has previously been described (55) . Briefly, a plasmid for production of CHIKV was generated by cloning the CHIKV cDNA under the control of the SP6 RNA polymerase promoter. CHIKV was subsequently produced in BHK-21 cells as previously described (56, 57) .
Construction of the plasmid transfer vector pCyA20-ICRES1. The plasmid transfer vector pCyA-ICRES1 was generated and used for the construction of recombinant MVA-CHIKV, in which CHIKV structural genes (those for C, E3, E2, 6K, and E1) instead of the GFP gene were inserted into the TK locus of the parental MVA-GFP. In detail, a 3.7-kbp DNA fragment encoding the CHIKV structural proteins (C, E3, E2, 6K, and E1) was amplified with oligonucleotides ICRES1 upper (5=-ATATA GTTTAAACATGGAGTTCATCCCAACCCAAAC-3=; PmeI site underlined) and ICRES1 lower (5=-TATATAGATCTTTAGTGCCTGCTGAAC GACACG-3=; BglII site underlined) from plasmid pSP6-ICRES1, which contains the structural genes from the CHIKV genome (CHIKV isolate LR2006-OPY1). The amplification reaction was performed with Platinum Pfx DNA polymerase (Invitrogen) according to the manufacturer's recommendations. Then, this fragment was digested with PmeI and BglII and cloned into the VACV insertion vector pCyA-20 (7,582 bp), previously digested with the same restriction enzymes and dephosphorylated by incubation with shrimp alkaline phosphatase, to generate the plasmid transfer vector pCyA-ICRES1 (11,324 bp) . The plasmid pCyA-20, used for the generation of plasmid pCyA-ICRES1, was previously described (58) and contains a synthetic band containing the viral early/late promoter and a multiple-cloning site in the plasmid pLZAW1 (provided by Sanofi-Pasteur). The correct generation of pCyA-ICRES1 was further confirmed by DNA sequence analysis. This plasmid was used in transientinfection and transfection assays for the insertion of CHIKV structural genes (those for C, E3, E2, 6K, and E1) into the TK locus of the MVA genome under the transcriptional control of the viral synthetic early/late (sE/L) promoter. It contains a ␤-galactosidase (␤-Gal) reporter gene sequence between two repetitions of the left TK-flanking arm, which allows the reporter gene to be deleted from the final recombinant virus by homologous recombination after successive passages.
Construction of recombinant MVA-CHIKV. DF-1 cells (3 ϫ 10 6 cells) were infected with parental MVA-GFP at a multiplicity of infection (MOI) of 0.05 PFU/cell and transfected 1 h later with 10 g of DNA of plasmid pCyA-ICRES1, using Lipofectamine reagent according to the manufacturer's recommendations (Invitrogen). At 48 h postinfection (hpi), the cells were harvested, lysed by freeze-thaw cycling, sonicated, and used for recombinant-virus screening. Recombinant MVAs containing the 3.7-kb CHIKV DNA fragment (encoding the structural proteins of CHIKV, C, E3, E2, 6K, and E1), with the GFP gene deleted, and transiently coexpressing the ␤-Gal marker gene (MVA-CHIKV, X-Gal ϩ ) were selected by consecutive rounds of plaque purification in DF-1 cells stained with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside, 400 g/ml, for three passages in total). In the following plaque purification steps, recombinant MVAs containing the 3.7-kb CHIKV DNA fragment and with the ␤-Gal gene deleted by homologous recombination from between the left TK arm and the short left TK arm repeat flanking the marker (MVA-CHIKV, X-Gal Ϫ ) were isolated by three additional consecutive rounds of plaque purification screening for nonstaining viral foci in DF-1 cells in the presence of X-Gal (400 g/ml). In each round of purification, the isolated plaques were expanded in DF-1 cells for 3 days, and the crude viruses obtained were used for the next plaque purification round. The resulting recombinant virus, MVA-CHIKV (passage 2 [P2] stock), was grown in CEFs, purified through two 36% (wt/vol) sucrose cushions, and titrated by plaque immunostaining assay.
PCR analysis of recombinant MVA-CHIKV. The purity of recombinant MVA-CHIKV was confirmed by PCR with primers spanning the junction regions of the CHIKV insert and by DNA sequence analysis. Thus, to test the identity and purity of the recombinant MVA-CHIKV, viral DNA was extracted from DF-1 cells mock infected or infected at 5 PFU/cell with MVA-WT, MVA-GFP, or MVA-CHIKV, as previously described (53) . Primers TK-L and TK-R (previously described [58] ), annealing in the TK gene-flanking regions, were used for PCR analysis of the TK locus. Furthermore, to verify that deletion of the VACV genes C6L, K7R, and A46R from MVA-CHIKV was correctly done, primers RFC6L-AatII-F and LFC6L-BamHI-R (previously described [52] ), LFK7R-AatII-F and RFK7R-BamHI-R (previously described [51] ), and LFA46R-AatII-F and RFA46R-BamHI-R (sequences will be provided upon request), spanning the VACV C6L-, K7R-, and A46R-flanking regions, respectively, were used for PCR analysis of the C6L, K7R, and A46R loci, respectively. All the amplification reactions were performed with Platinum Taq DNA polymerase (Invitrogen) according to the manufacturer's recommendations, and the amplification protocol was previously described (59) . PCR products were run in 1% agarose gel and visualized by SYBR Safe staining (Invitrogen). The 3.7-kb CHIKV DNA insertion and C6L, K7R, and A46R deletions were also confirmed by DNA sequence analysis. No mutations were included in the 3.7-kb CHIKV DNA insert during the PCR.
Analysis of virus growth. To determine the virus growth profile of MVA-CHIKV, in comparison to that of MVA-WT, monolayers of DF-1 cells grown in 12-well plates were infected in duplicate at 0.01 PFU/cell with MVA-WT or recombinant MVA-CHIKV. Following virus adsorption for 60 min at 37°C, the inoculum was removed, and the infected cells were washed with DMEM and incubated with fresh DMEM containing 2% FCS at 37°C in a 5% CO 2 atmosphere. At different times postinfection (0, 24, 48, and 72 h), cells were harvested by being scraped from plates (lysates at 5 ϫ 10 5 cells/ml), frozen and thawed three times, and briefly sonicated. Virus titers in cell lysates were determined by a plaque immunostaining assay in DF-1 cells, as previously described (54), using rabbit polyclonal anti-vaccinia virus strain WR (Centro Nacional de Biotecnología; diluted 1:1,000), followed by anti-rabbit-horseradish peroxidase (HRP) (Sigma; diluted 1:1,000).
Expression of CHIKV proteins from recombinant MVA-CHIKV by Western blotting. To check the correct expression of CHIKV antigens by the recombinant MVA-CHIKV, monolayers of DF-1 cells were mock infected or infected at 5 PFU/cell with MVA-WT, MVA-GFP, or MVA-CHIKV. At 24 hpi, cells were lysed in Laemmli buffer, and cells extracts were fractionated in 10% SDS-PAGE and analyzed by Western blotting with mouse polyclonal antibody against E2 (antibody 3E4, kindly provided by Philippe Desprès from the Pasteur Institute, Paris, France; diluted 1:500), mouse monoclonal antibody against E1-E2 (antibody D3-62; kindly provided by Marc Lecuit and Therese Couderc from the Pasteur Institute, Paris, France; diluted 1:500), or rabbit polyclonal antibody against E1 (kindly provided by Lisa F. P. Ng from the Singapore Immunology Network, Agency for Science, Technology and Research, Biopolis, Singapore; diluted 1:1,000) to evaluate the expression of the different CHIKV structural proteins. The anti-rabbit HRP-conjugated antibody (Sigma; diluted 1:5,000), or anti-mouse-HRP-conjugated antibody (Sigma; diluted 1:2,000), were used as secondary antibodies. The immunocomplexes were detected using an enhanced HRP-luminol chemiluminescence system (ECL Plus; GE Healthcare).
Genetic stability of recombinant MVA-CHIKV by expression analysis. The genetic stability of recombinant MVA-CHIKV was analyzed as previously described (58) , with some modifications. Monolayers of DF-1 cells were infected at 0.05 PFU/cell with recombinant MVA-CHIKV (P2 stock). At 72 hpi, cells were collected by being scraped. After three freezethaw cycles and a brief sonication, the cellular extract was centrifuged at 1,500 rpm for 5 min, and the supernatant was used for a new round of infection at a low MOI. The same procedure was repeated nine times. Expression of CHIKV proteins at all nine passages was detected by Western blotting after infection of DF-1 cells with virus stocks from each passage, using a mouse polyclonal antibody against E2 (antibody 3E4; diluted 1:500), mouse monoclonal antibody against E1 and E2 (antibody D3-62; diluted 1:500), or rabbit polyclonal antibody against E1 (diluted 1:1,000) to evaluate the expression of the different CHIKV proteins. As loading controls, we used rabbit anti-␤-actin (Cell Signaling; diluted 1:1,000) and rabbit anti-VACV E3 (Centro Nacional de Biotecnología; diluted 1:1,000) antibodies. An anti-rabbit HRP-conjugated antibody (Sigma; diluted 1:5,000) or an anti-mouse HRP-conjugated antibody (Sigma; diluted 1:2,000) was used as the secondary antibody. The immunocomplexes were detected using an enhanced HRP-luminol chemiluminescence system (ECL Plus; GE Healthcare).
Furthermore, the genetic stability of MVA-CHIKV (P2 stock, P3 stock, and passage 9) was analyzed by quantifying the number of individual plaques expressing CHIKV and VACV antigens after a plaque immunostaining assay of DF-1 cells, as previously described (54) . We used a mouse polyclonal antibody against CHIKV E2 (antibody 3E4; diluted 1:500), mouse monoclonal antibody against CHIKV E1 and E2 (antibody D3-62; diluted 1:500), or a rabbit polyclonal anti-vaccinia virus strain WR antibody (Centro Nacional de Biotecnología; diluted 1:1,000), followed by anti-rabbit-horseradish peroxidase (HRP) (Sigma; diluted 1:1,000) or an anti-mouse HRP-conjugated antibody (Sigma; diluted 1:1,000).
Expression of CHIKV proteins from recombinant MVA-CHIKV by immunofluorescence microscopy analysis. Immunofluorescence studies were done as previously described (58) . Briefly, HeLa cells cultured on glass coverslips to a confluence of 50% were mock infected or infected with MVA-WT or MVA-CHIKV at an MOI of 0.5 PFU/cell. At 6 and 16 hpi, cells were washed with phosphate-buffered saline (PBS) and fixed with 3% paraformaldehyde (PFA) in PBS at room temperature (RT) for 15 min. Then, cells were quenched for 15 min in the presence of 50 mM NH 4 Cl and permeabilized and blocked with 0.05% saponin and 5% FCS in PBS. Mouse polyclonal antibodies against CHIKV protein E2 (antibodies 3E4, D3-62, and K9-1, kindly provided by Marc Lecuit and Therese Couderc from the Pasteur Institute, Paris, France; diluted 1:2,000, 1:1,000, and 1:3,000, respectively, in PBS containing 0.05% saponin-5% FCS) and the endoplasmic reticulum (ER) marker rabbit polyclonal anti-calnexin antibody (BioNova) were used to stain the cells for 1 h at RT in the presence of 0.05% saponin-5% FCS in PBS. Then, coverslips were washed with PBS and cells were blocked again with 0.05% saponin-5% FCS in PBS for 15 min and stained for 1 h in the dark at RT with specific mouse or rabbit secondary antibodies conjugated with the fluorochromes Alexa Fluor 488 (green) or Alexa Fluor 594 (red) (Invitrogen). Coverslips were then washed with PBS, and cell nuclei were stained with DAPI (4=,6=-diamidino-2-phenylindole; Sigma) in PBS for 15 min, along with the high-affinity F-actin phalloidin probe conjugated to the red-orange fluorescent dye tetramethylrhodamine (TRITC) (Sigma) or the trans-Golgi marker wheat germ agglutinin (WGA) probe conjugated to the red fluorescent dye Alexa Fluor 594 (Invitrogen), when required. After being stained, coverslips were mounted on glass slides and conserved in ProLong Gold antifade reagent (Invitrogen). Images of sections of the cells were acquired using a Leica TCS SP5 microscope and were recorded and processed by the specialized software LasAF (Leica Microsystems).
Electron microscopy analysis. Electron microscopy analysis was done as previously described (58) . Briefly, confluent HeLa cells grown in DMEM supplemented with 10% newborn calf serum (NCS) were infected with MVA-WT or MVA-CHIKV at an MOI of 5 PFU/cell. At 6 and 16 hpi, cell monolayers were fixed in situ in a plastic dish for 1 h with 2% glutaraldehyde-1% tannic acid in 0.4 M HEPES buffer (pH 7.5) at RT. After fixation, monolayers of cells were carefully scraped, centrifuged to eliminate the fixative, and maintained in HEPES buffer at 4°C. Afterwards, cells were processed by conventional embedding in the epoxy resin EML-812 (Taab Laboratories, Adermaston, Berkshire, United Kingdom). Processing consists of postfixation in a mixture of 1% osmium tetroxide-0.8% potassium ferricyanide in distilled water for 1 h at 4°C, followed by staining with 2% uranyl acetate and progressive dehydration in increasing concentrations of acetone (50, 70, 90 , and 100%). Then infiltration in the epoxy resin was carried out at RT for 1 day and maintained at 60°C for 3 days to allow resin polymerization. Ultrathin sections (70 nm thick) of the samples were sliced using a Leica EM UC6 ultramicrotome and collected on copper grids. The cells sections were finally stained with saturated uranyl acetate and lead citrate by ordinary methods. Sections of infected cells were studied in a JEOL 1011 transmission electron microscope operating at 100 kV. Digital images were recorded with an ES1000W Erlangshen charge-coupled-device (CCD) camera (Gatan, CA, USA).
RNA analysis by quantitative real-time PCR. Total RNA was isolated from both THP-1 cells and moDCs mock infected or infected with MVA-WT, MVA-GFP, or MVA-CHIKV, using the RNeasy kit (Qiagen GmbH, Hilden, Germany). THP-1 cells were mock infected or infected at 5 PFU/ cell, and total RNA was obtained at 3 and 6 hpi. moDCs were mock infected or infected at 1 PFU/cell, and total RNA was obtained at 6 hpi. Reverse transcription of at least 500 ng of RNA was performed using the QuantiTect reverse transcription kit (Qiagen GmbH, Hilden, Germany). Quantitative PCR was performed with a 7500 real-time PCR system (Applied Biosystems) using the Power SYBR green PCR master mix (Applied Biosystems), as previously described (50) . Expression levels of the IFN-␤, TNF-␣, MIP-1␣, RANTES, IP-10, IFIT1, IFIT2, RIG-I, MDA-5, and HPRT genes were analyzed by real-time PCR using specific oligonucleotides (the sequences will be provided upon request). Gene-specific expression was expressed relative to the expression of HPRT in arbitrary units (AU). All samples were tested in duplicate, and two different experiments were performed with each cell type.
Peptides. CHIKV peptides representative of the capsid (C), E1, and E2 CHIKV proteins were used in the immunological analysis. Peptides sequences are as follows: ACLVGDJVM (capsid), HSMTNAAVTI (E1), and IILYYYELY (E2).
C57BL/6 mouse immunogenicity study. Female C57BL/6 mice (6 to 8 weeks old) were purchased from Harlan Laboratories and stored in a pathogen-free barrier area of the CNB (Madrid, Spain) in accordance with recommendations of the Federation of European Laboratory Animal Science Associations. A homologous MVA prime-MVA boost immunization protocol was performed to assay the immunogenicity of the recombinant MVA-CHIKV. Groups of animals (n ϭ 10) were immunized with 1 ϫ days after the last immunization, five mice in each group were sacrificed using carbon dioxide (CO 2 ), and their spleens were processed to measure the adaptive and memory immune responses, respectively, to the CHIKV and VACV antigens by an intracellular cytokine staining (ICS) assay. Two independent experiments were performed.
The ability of MVA-CHIKV to induce antibody responses was studied in mice at the AFL at Karolinska Institutet, Stockholm, Sweden. Groups of 5-to 6-week-old female C57BL/6 mice (n ϭ 5) were immunized with 1 ϫ 10 7 PFU of MVA-WT or MVA-CHIKV by the i.p. route in 200 l PBS. MVA-WT was administered once, whereas MVA-CHIKV was administered once or twice with a 3-week immunization interval. Serum was collected by tail bleedings 3 weeks after the first immunization and 6 weeks after the second immunization, and antibody responses were analyzed by enzyme-linked immunosorbent assay (ELISA) and a neutralization assay.
CHIKV challenge study. A challenge study to evaluate the efficacy of the recombinant MVA-CHIKV was performed in a biosafety level 3 laboratory at the AFL at Karolinska Institutet, Stockholm, Sweden. Female C57BL/6 mice previously immunized with MVA-WT or MVA-CHIKV to study antibody responses were used (see "C57BL/6 mouse immunogenicity study" above [5 mice/group]). Seven weeks after the last immunization, mice were challenged with a total of 10 6 PFU of CHIKV (CHIKV isolate LR2006-OPY1) via the subcutaneous route in the dorsal side of each hind foot. Blood samples were collected at days 1 to 3 postchallenge from tail bleedings, and viremia was analyzed by plaque assay (PFU/ml). Foot swelling (height by breadth) was measured using a digital caliper before challenge and days 4 to 8 after challenge. Two independent experiments were performed.
ICS assay. The magnitudes, polyfunctionality, and phenotypes of the VACV-and CHIKV-specific adaptive and memory T cell responses were analyzed by ICS, as previously described (51, 52, 58, 59) , with some modifications. After an overnight rest, 4 ϫ 10 6 splenocytes (depleted of red blood cells) were seeded on M96 plates and stimulated for 6 h in complete RPMI 1640 medium supplemented with 10% FCS containing 1 l/ml GolgiPlug (BD Biosciences) (to inhibit cytokine secretion), anti-CD107a-Alexa Fluor 488 (BD Biosciences), Monensin (1ϫ; eBioscience), and 1 g/ml of the different CHIKV peptides (C, E1, or E2) or MVA-infected EL4 cells (4 ϫ 10 5 EL4 cells in 1 ϫ 10 6 splenocytes; the ratio of MVAinfected EL4 cells to splenocytes was equal to 1:2.5). Then, cells were washed, stained for the surface markers, fixed, permeabilized (Cytofix/ Cytoperm kit; BD Biosciences), and stained intracellularly with the appropriate fluorochromes. Dead cells were excluded using the violet LIVE/ DEAD stain kit (Invitrogen). For functional analyses, the following fluorochrome-conjugated antibodies were used: CD3-phycoerythrin (PE)-CF594, CD4-allophycocyanin (APC)-Cy7, CD8-V500, IFN-␥-PECy7, tumor necrosis factor alpha (TNF-␣)-PE, and interleukin 2 (IL-2)-APC. In addition, for phenotypic analyses, the following antibodies were used: CD62L-Alexa 700 and CD127-PerCP-Cy5.5. All antibodies were from BD Biosciences. Cells were acquired using a Gallios flow cytometer (Beckman Coulter). Analyses of the data were performed using FlowJo software version 8.5.3 (Tree Star, Ashland, OR). The number of lymphocyte-gated events was 10 6 . After gating, Boolean combinations of single functional gates were then created using FlowJo software to determine the frequency of each response based on all possible combinations of cytokine.
ELISA. Levels of binding of antibodies to CHIKV present in the sera of immunized mice were determined using ELISA. Ninety-six-well Nunc MaxiSorp plates were coated with 50 l of purified recombinant CHIKV E1-p62 protein (13) at a concentration of 2 g/ml in PBS at 4°C overnight. Plates were washed with PBS supplemented with 0.05% Tween 20 (PBSTween) and blocked with 1% BSA (Gibco, Life Technologies) in PBS for 1 h at RT. Sera were diluted in PBS-Tween, added to plates, and incubated at 4°C overnight. Plates were then washed, and a secondary HRP-conjugated goat-anti-mouse IgG (Southern Biotech, AL, USA; diluted 1:5,000 in PBSTween) was added and incubated for 1.5 h at RT. Plates were washed, and the o-phenylenediamine dihydrochloride (OPD) substrate (Sigma-Al-drich) was added. One molar HCl was added after 15 min to stop the color development. Absorbance was read at 490 nm.
Neutralizing antibodies. Titers of neutralizing antibodies against CHIKV present in the sera of immunized mice collected 6 weeks after the last immunization were determined using CHIKV viral-replicon particles (VRPs) expressing Gaussia luciferase (Gluc), as previously described (60) . Briefly, VRPs (MOI, 0.5) were preincubated with 2-fold serial dilutions of sera from immunized mice for 1 h at 37°C before the mixture was added to BHK-21 cells seeded in 24-well plates. After incubation for 1 h at 37°C, the inoculum was removed, cells were washed with PBS, and medium was added. A readout of secreted Gluc was performed at 24 hpi using the Renilla luciferase assay system (Promega, WI, USA). Neutralization potency was determined as a percentage of measured Gluc activity and compared to the Gluc readout after VRP application without antibody/serum, and results are presented as 50% neutralization titers (NT 50 ).
Data analysis and statistical procedures. The statistical significance (*, P Ͻ 0.05; **, P Ͻ 0.005; ***, P Ͻ 0.001) of differences between groups was determined by Student's t test (two tailed, type 2). Statistical analysis of the ICS data was realized as previously described (59, 61) , using an approach that corrects measurements for the medium response (RPMI 1640), with calculation of confidence intervals and P values. Only antigen response values significantly larger than the corresponding RPMI 1640 values are represented. Background values were subtracted from all values used to allow analysis of proportionate representation of responses.
RESULTS
Generation and in vitro characterization of an MVA recombinant expressing CHIKV structural genes (MVA-CHIKV).
To generate a vaccine against CHIKV, we constructed an MVA-based candidate vaccine expressing the CHIKV C, E3, E2, 6K, and E1 structural genes (termed MVA-CHIKV) in the vector backbone of the parent, MVA-WT, which also contains deletions in the VACV immunomodulatory genes C6L, K7R, and A46R (termed MVA-GFP) (see Materials and Methods). The deletions were introduced into the genome of MVA, as we have previously described the benefit of enhancing cellular and humoral immune responses to human immunodeficiency virus type 1 (HIV-1) antigens from MVA vectors lacking selected viral immunomodulatory genes (51, 52, 59 ). In Fig. 1A , a diagram of the MVA-CHIKV genome is shown with the corresponding VACV deletions and the CHIKV C, E3, E2, 6K, and E1 structural genes inserted into the VACV TK locus under the transcriptional control of the synthetic early/late viral (sE/L) promoter driving the constitutive expression of the structural CHIKV proteins. The correct insertion and purity of recombinant MVA-CHIKV was confirmed by PCR and DNA sequence analysis. PCR using primers annealing in the VACV TK gene-flanking regions confirmed the presence of the CHIKV structural genes in MVA-CHIKV, with no wild-type contamination in the preparation (Fig. 1B) ; in the parental virus MVA-GFP, the GFP was present, and in the MVA-WT, the VACV TK locus was amplified (Fig. 1B) . Moreover, PCRs using primers annealing in the C6L-, K7R-, and A46R-flanking regions confirmed the deletion of the VACV genes C6L, K7R, and A46R, respectively, from MVA-CHIKV (Fig. 1C) , also with no wild-type contamination in the preparation. The proper insertion and correct sequence of the CHIKV structural genes in the TK locus and the correct deletions of the VACV genes C6L, K7R, and A46R were also confirmed by DNA sequencing (data not shown).
Additionally, to confirm that MVA-CHIKV constitutively expresses and correctly processes the CHIKV structural polyprotein C-E3-E2-6K-E1, we carried out a Western blot analysis of DF-1 cells infected with MVA-CHIKV, MVA-GFP, or MVA-WT using specific antibodies that recognize the CHIKV E1 and E2 proteins. The results demonstrated that the viral polyprotein was correctly processed and that MVA-CHIKV expressed the CHIKV E1 and E2 proteins (Fig. 1D) . Expression of the C, E3, and 6K proteins is not shown, since we did not have specific antibodies. However, the proper processing of the polyprotein indicates that the other proteins should be correctly expressed by MVA-CHIKV.
MVA-CHIKV replicates in cell culture. To further determine whether expression of CHIKV structural proteins affects MVA replication in cell culture, we next analyzed the growth of MVA-CHIKV and MVA-WT in DF-1 cells. The results showed that the kinetics of viral growth were similar between the two viruses ( Fig.  2A) , indicating that the constitutive expression of CHIKV structural proteins does not impair vector replication under permissive conditions.
MVA-CHIKV is stable in cell culture. To ensure that MVA-CHIKV can be maintained in cultured cells without the loss of the CHIKV transgene, a stability test was performed. Here, the recombinant MVA-CHIKV was further grown in DF-1 cells infected at a low multiplicity during 9 consecutive passages, and expression of the CHIKV E1 and E2 proteins during the different passages was determined by Western blotting (Fig. 2B) . The results showed that MVA-CHIKV efficiently expresses the CHIKV E1 and E2 proteins after successive passages, indicating that the recombinant MVA-CHIKV is genetically stable. Moreover, we also analyzed the genetic stability of MVA-CHIKV at passage 9 by a plaque immunostaining assay (Fig. 2C) . The results showed that MVA-CHIKV titers (in the P2 stock, in the P3 stock, and at passage 9) were similar when plaques expressing VACV antigens or plaques expressing CHIKV antigens were analyzed, confirming the high genetic stability of MVA-CHIKV.
MVA-CHIKV expresses the CHIKV E2 protein in the cytoplasm and in the cell membrane. The expression and intracellular localization of the structural CHIKV E2 protein was also analyzed by immunofluorescence in human HeLa cells infected with MVA-WT or MVA-CHIKV using antibodies specific to E2 and specific probes or antibodies for different proteins and compartments, such as actin (phalloidin), ER (anticalnexin), and the Golgi apparatus or Golgi apparatus-derived membranes, as well as for the plasma membrane (WGA). As shown in Fig. 3 , the CHIKV E2 protein is expressed mainly at the plasma membrane and throughout the cytoplasm, where it is localized in discrete accumulations at the viral factories. Moreover, no colocalization between E2 and the ER was observed. Nevertheless, partial colocalization between E2 and actin was found in discrete areas and spots, and it was also detected between E2 and the plasma membrane and between E2 and the Golgi apparatus or Golgi apparatus-derived membranes.
MVA-CHIKV induces specific morphological cell alterations, with the formation and accumulation of Golgi apparatusderived membranes. We next examined the impact of CHIKV structural proteins constitutively expressed by MVA-CHIKV on HeLa cell architecture using transmission electron microscopy analysis. Thus, ultrathin sections of HeLa cells infected with MVA-WT or MVA-CHIKV were visualized by electron microscopy at low and high magnifications (Fig. 4) . Both in MVA-WTand in MVA-CHIKV-infected cells, the assembly of immature virus (IV) forms of MVA was detected, and remarkably, in MVA-CHIKV-infected cells, an atypical growth and accumulation of Golgi apparatus-like membranes was observed. (Fig. 5A) . The results showed that, compared to MVA-WT, MVA-CHIKV significantly upregulated the mRNA levels of most of these genes (Fig. 5A) .
To verify these results, we infected human moDCs with 1 PFU/ cell of MVA-WT, MVA-GFP, and MVA-CHIKV and measured IFN-␤, TNF-␣, MIP-1␣, IP-10, RANTES, IFIT1, IFIT2, RIG-I, and MDA-5 mRNA levels at 6 h postinfection (Fig. 5B) . In the same way as in human THP-1 cells, in moDCs, MVA-CHIKV strongly increased the mRNA levels of most of these genes, compared to levels in MVA-WT-infected cells (Fig. 5B) .
In conclusion, MVA-CHIKV promotes a robust innate immune response in human macrophages and moDCs by inducing the expression of type I IFN (IFN-␤), proinflammatory cytokines (TNF-␣), chemokines (MIP-1␣, IP-10, and RANTES), IFN-in- ducible genes (IFIT1 and IFIT2), and some key cytosolic sensors that lead to antiviral IFN production (RIG-I and MDA-5).
MVA-CHIKV induces strong, broad, and polyfunctional adaptive CHIKV-specific T cell immune responses. The role of T cell responses in controlling CHIKV infection is not well known (67, 68) . Thus, to study in vivo the effect of the presence of the CHIKV structural genes in the MVA genome on cellular immunogenicity against CHIKV antigens, we next analyzed the CHIKVspecific immune responses induced by MVA-CHIKV in C57BL/6 mice by using a homologous MVA-CHIKV prime (1 ϫ 10 7 PFU) and MVA-CHIKV boost (2 ϫ 10 7 PFU) immunization protocol (see Materials and Methods). Animals primed with nonrecombinant MVA-WT and boosted with MVA-WT were used as a control group. Adaptive, CHIKV-specific T cell immune responses elicited by both immunization groups (MVA-WT/MVA-WT and MVA-CHIKV/MVA-CHIKV) were measured 10 days after the last immunization by a polychromatic intracellular cytokine staining (ICS) assay, after the stimulation of splenocytes with specific peptides representative of the C, E1, and E2 CHIKV proteins.
Immunization with MVA-CHIKV/MVA-CHIKV elicited robust adaptive CHIKV-specific CD8 ϩ T cell immune responses (determined as the sum of the individual responses obtained for the C, E1, and E2 CHIKV peptides, producing IFN-␥, TNF-␣, and/or IL-2 cytokines, as well as the expression of CD107a on the surfaces of activated T cells as an indirect marker of cytotoxicity) (Fig. 6A) . The MVA-CHIKV/MVA-CHIKV immunization group triggered an overall CHIKV-specific immune response mediated only by CD8 ϩ T cells, with no CHIKV-specific CD4 ϩ T cells detected, indicating the selectivity for CD8 ϩ T cells of the peptides used in the ICS assay (Fig. 6A) .
The pattern of adaptive, CHIKV-specific T cell immune responses showed that CD8 ϩ T cell responses induced by MVA-CHIKV/MVA-CHIKV were broad, with most of the responses directed mainly against the E1 and E2 peptides (80%) and to a lesser extent against C (Fig. 6B) . Furthermore, compared to MVA-WT/MVA-WT, MVA-CHIKV/MVA-CHIKV significantly enhanced the magnitude of C-, E1-and E2-specific CD8 ϩ T cell responses (P Ͻ 0.001) (Fig. 6C) .
Moreover, CHIKV-specific CD8 ϩ T cells producing CD107a, IFN-␥, or TNF-␣ are the populations most induced by the MVA-CHIKV/MVA-CHIKV immunization group (Fig. 6D) ; levels were also of a significantly higher magnitude than those induced by MVA-WT/MVA-WT (P Ͻ 0.001) (Fig. 6D) .
The quality of the adaptive, CHIKV-specific T cell immune response was characterized in part by the pattern of cytokine production and its cytotoxic potential. Thus, on the basis of the production of CD107a, IFN-␥, TNF-␣, and IL-2 from CHIKV-specific CD8 ϩ T cells, 15 different CHIKV-specific CD8 ϩ T cell populations could be identified (Fig. 6E) . MVA-CHIKV/MVA-CHIKV induced a high polyfunctional profile, with 97% of CD8 ϩ T cells exhibiting two, three, or four functions (Fig. 6E) . Furthermore, CD8
ϩ T cells producing CD107a plus IFN-␥ plus TNF-␣ plus IL-2, CD107a plus IFN-␥ plus TNF-␣, or IFN-␥ plus TNF-␣ were the most abundant populations elicited by MVA-CHIKV/ MVA-CHIKV, which, compared to MVA-WT/MVA-WT, also induced significantly higher increases in the percentages of most of the populations (P Ͻ 0.001) (Fig. 6E) .
Collectively, these results demonstrate that MVA-CHIKV induced strong, broad, and polyfunctional adaptive CHIKV-specific 
CD8
ϩ T cell immune responses. Similar findings were observed in two independent experiments.
MVA-WT and MVA-CHIKV induce similar magnitudes and polyfunctionalities of adaptive, VACV-specific T cell immune responses.
To further characterize the immune responses elicited in mice by both immunization groups (MVA-WT/MVA-WT and MVA-CHIV/MVA-CHIKV), it was of interest to analyze the responses to the MVA vector. Thus, we next measured adaptive, VACV-specific T cell immune responses induced by MVA-WT and MVA-CHIKV 10 days after the boost by an ICS assay (similar to the protocol followed in the analysis of adaptive CHIKV-specific T cell immune responses) after the stimulation of splenocytes with MVA-infected EL4 cells.
Both immunization groups triggered an overall adaptive, VACV-specific immune response mediated only by CD8 ϩ T cells (determined as the sum of the individual responses producing IFN-␥, TNF-␣, and/or IL-2 cytokines, as well as the expression of CD107a on the surfaces of activated T cells as an indirect marker of cytotoxicity); this experiment was carried out with MVA-infected EL4 cells, and the magnitudes of adaptive, VACV-specific CD8 ϩ T cell immune responses were similar in the two immunization groups (Fig. 7A) . Moreover, VACV-specific CD8 ϩ T cells producing CD107a, IFN-␥, or TNF-␣ were the most induced populations in both immunization groups, and they were induced at similar magnitudes (Fig. 7B) .
The quality of adaptive, VACV-specific CD8 ϩ T cell immune responses was characterized by the production of CD107a, IFN-␥, TNF-␣, and/or IL-2, and 15 distinct VACV-specific CD8 ϩ T cell populations could be identified (Fig. 7C) . VACV-specific CD8 ϩ T cell responses were similarly polyfunctional in the two immunization groups, with 88 to 91% of the CD8 ϩ T cells exhibiting two, three, or four functions. CD8 ϩ T cells producing CD107a plus IFN-␥ plus TNF-␣ plus IL-2, CD107a plus IFN-␥ plus TNF-␣, IFN-␥ plus TNF-␣, CD107a plus IFN-␥, or only CD107a were the most induced populations elicited by both immunization groups (at similar percentages) (Fig. 7C) . In summary, these results showed that MVA-WT and MVA-CHIKV elicited similar magnitudes and levels of quality of adaptive, VACV-specific CD8 ϩ T cell immune responses. Similar findings were observed in two independent experiments.
MVA-CHIKV induces strong, broad, polyfunctional, and durable CHIKV-specific memory T cell immune responses. The durability of a vaccine-induced T cell response is an important feature, since long-term protection is a requirement for prophylactic vaccination. Thus, we analyzed CHIKV-specific memory T cell immune responses elicited by both immunization groups 52 days after the last immunization by the ICS assay in a manner similar to that of the protocol followed in the adaptive phase.
Immunization with MVA-CHIKV/MVA-CHIKV elicited robust CHIKV-specific CD8 ϩ memory T cell immune responses (determined as the sum of the individual responses to the CHIKV C, E1, and E2 peptides in splenocytes producing IFN-␥, TNF-␣, 3, 2, or 1) . The pie charts summarize the data. Each slice corresponds to the proportion of CHIKV-specific CD8 ϩ T cells exhibiting one, two, three, or four functions within the total population of CHIKV-specific CD8 ϩ T cells.
and/or IL-2 cytokines, and the expression of CD107a on the surfaces of activated T cells was used as an indirect marker of cytotoxicity) (Fig. 8A) . As with the results obtained in the adaptive phase, the MVA-CHIKV/MVA-CHIKV immunization group triggered an overall CHIKV-specific memory immune response mediated only by CD8 ϩ T cells, with no CHIKV-specific CD4 ϩ T cells detected, indicating the selectivity for CD8 ϩ T cells of the peptides used in the ICS assay (Fig. 8A) .
The pattern of CHIKV-specific memory T cell immune responses showed that CD8 ϩ T cell responses induced by MVA-CHIKV/MVA-CHIKV were broad, with most of the responses being directed mainly against the E1 and E2 peptides (77%) and, to a lesser extent, against C (Fig. 8B) , as with the results obtained in the adaptive phase. Furthermore, compared to MVA-WT/MVA-WT, MVA-CHIKV/MVA-CHIKV significantly enhanced the magnitudes of C-, E1-, and E2-specific CD8 ϩ T cell responses (P Ͻ 0.001) (Fig. 8C) .
Furthermore, CHIKV-specific CD8 ϩ T cells producing CD107a, IFN-␥, or TNF-␣ are the populations most induced by the MVA-CHIKV/MVA-CHIKV immunization group (Fig. 8D) , and their levels are also of a significantly higher magnitude than those induced by MVA-WT/MVA-WT (P Ͻ 0.001) (Fig. 8D) , results similar to those obtained in the adaptive phase.
The quality of the CHIKV-specific memory T cell immune responses was characterized by analyzing the simultaneous production of CD107a, IFN-␥, TNF-␣, and/or IL-2 from CHIKVspecific CD8 ϩ T cells (Fig. 8E) , where 15 distinct CHIKV-specific CD8 ϩ T cell populations could be identified. MVA-CHIKV/ MVA-CHIKV induced a polyfunctional profile, with 22% of CD8 ϩ T cells exhibiting two, three, or four functions (Fig. 8E) . Furthermore, again, CD8 ϩ T cells producing CD107a plus IFN-␥ plus TNF-␣ plus IL-2, CD107a plus IFN-␥ plus TNF-␣, or CD107a were the most abundant populations elicited by MVA-CHIKV/MVA-CHIKV, which also induced increases in the percentages of most of the populations that were significantly higher than those induced by MVA-WT/MVA-WT (P Ͻ 0.001) (Fig. 8E) , results similar to those obtained in the adaptive phase.
Moreover, we also determined the phenotype of the C-, E1-, and E2-specific memory T cells by measuring the expression of CD127 and CD62L surface markers, which allowed us to define the different memory subpopulations: central memory (TCM; CD127 ϩ /CD62L ϩ ), effector memory (TEM; CD127 ϩ /CD62L Ϫ ), and effector (TE; CD127 Ϫ /CD62L Ϫ ) T cells (69) (Fig. 8F) . The results showed that MVA-CHIKV/MVA-CHIKV induced CHIKV-specific CD8 ϩ memory T cells (determined as the sum of the individual responses, i.e., the levels of CD107a, IFN-␥, TNF-␣, and/or IL-2 pro- duced against the C plus E1 plus E2 peptides), mainly of the TEM phenotype (78%) (Fig. 8F, right) . Furthermore, immunization with MVA-CHIKV/MVA-CHIKV induced significantly higher increases in the percentages of CHIKV-specific CD8 ϩ TCM, TEM, and TE cells than immunization with MVA-WT (P Ͻ 0.001) (Fig. 8F, left) .
In summary, these results demonstrate that MVA-CHIKV induced strong, broad, polyfunctional, and durable CHIKV-specific CD8 ϩ memory T cell immune responses. Similar findings were observed in two independent experiments.
MVA-WT and MVA-CHIKV induce similar magnitudes and polyfunctionalities of VACV-specific memory T cell immune responses. VACV-specific memory T cell immune responses elicited by both immunization groups (MVA-WT/MVA-WT and MVA-CHIV/MVA-CHIKV) were measured 52 days after the boost by ICS assay, which is similar to the protocol followed in the adaptive phase.
Similarly to the results obtained in the adaptive phase, both immunization groups triggered overall VACV-specific memory immune responses mediated only by CD8 ϩ T cells, determined as the sums of the individual levels of production of CD107a, IFN-␥, TNF-␣, and/or IL-2 obtained in MVA-infected EL4 cells (Fig. 9A) , with the magnitudes of VACV-specific CD8 ϩ memory T cell immune responses being similar in the two immunization groups (Fig. 9A) . Moreover, VACV-specific CD8 ϩ T cells producing CD107a, IFN-␥, or TNF-␣ are the most induced populations in both immunization groups, and these populations were also produced at similar magnitudes (Fig. 9B) .
The quality of VACV-specific CD8 ϩ memory T cell immune responses was characterized as the simultaneous production of CD107a, IFN-␥, TNF-␣, and/or IL-2 and was assessed by using a protocol like that followed in the adaptive phase, where 15 distinct VACV-specific CD8 ϩ T cell populations could be identified (Fig.  9C) . VACV-specific CD8 ϩ T cell responses were similarly polyfunctional in the two immunization groups, with 95% of CD8 ϩ T cells exhibiting two, three, or four functions. CD8 ϩ T cells producing CD107a plus IFN-␥ plus TNF-␣ plus IL-2, CD107a plus IFN-␥ plus TNF-␣, IFN-␥ plus TNF-␣, CD107a plus IFN-␥, or only CD107a were the most induced populations elicited by both immunization groups, and they were also induced at similar percentages (Fig. 9C) .
Additionally, the analysis of the memory phenotype of VACVspecific CD8 ϩ memory T cells by measurement of the expression of CD127 and CD62L surface markers showed that both immunization groups elicited mainly VACV-specific CD8 ϩ memory T cells of the TEM phenotype and did so at similar magnitudes (Fig. 9D) .
In summary, these results showed that MVA-WT and MVA-CHIKV elicited similar magnitudes and levels of quality of VACVspecific CD8
ϩ memory T cell immune responses. Similar findings were observed in two independent experiments.
MVA-CHIKV induces high titers of neutralizing antibodies against CHIKV. Antibodies against CHIKV are crucial to control CHIKV infection (37, 42, 44, 45, (70) (71) (72) (73) (74) (75) (76) (77) (78) . Thus, to study the ability of MVA-CHIKV to elicit humoral immune responses against CHIKV, we analyzed the levels of CHIKV envelope-specific antibodies present in the sera of C57BL/6 mice immunized with one or two doses of MVA-CHIKV (see Materials and Methods). Animals immunized with nonrecombinant MVA-WT were used as a control group. The results show that one immunization with MVA-CHIKV elicited high titers of IgG antibodies against CHIKV that were further enhanced by the second immunization (Fig. 10A) . Nevertheless, a single immunization with MVA-CHIKV was enough to induce high levels of IgG antibody responses to CHIKV. Next, we analyzed the titers of neutralizing antibodies against CHIKV present in the sera of immunized mice at 6 weeks postboost. The results showed that in contrast to infection with MVA-WT, immunization with one or two doses of MVA-CHIKV resulted in the production of high titers of CHIKV-neutralizing antibodies (Fig. 10B) . In comparison to neutralizing antibody titers after a single immunization, titers after two doses were slightly increased.
MVA-CHIKV protects mice against CHIKV infection. To study whether MVA-CHIKV protected mice against a CHIKV challenge, we immunized mice with one or two doses of MVA-CHIKV or one dose of MVA-WT (as a control). Seven weeks after the last immunization, mice were challenged with a high dose of CHIKV in their feet (see Materials and Methods). Protection was evaluated by determining viremia and analyzing foot swelling in CHIKV-challenged mice during the days following challenge. The results showed that no CHIKV infection was developed in MVA-CHIKV-vaccinated mice, as no viremia was detected postchallenge (Fig. 10C) . However, MVA-WT-immunized mice developed CHIKV infection, with high levels of CHIKV (10 4 to 10 5 PFU/ml) detected in blood that peaked day 2 postchallenge (Fig.  10B) . Moreover, MVA-CHIKV-vaccinated mice did not develop foot swelling after challenge, while MVA-WT-immunized mice developed severe foot swelling that peaked 6 days postchallenge (Fig. 10D ).
In conclusion, MVA-CHIKV is a highly effective vaccine that protected mice against challenge with a high dose of CHIKV, with no viremia detected in their blood and no signs of inflammation. Remarkably, just a single dose of MVA-CHIKV protected all mice from challenge with CHIKV.
DISCUSSION
CHIKV is an important emerging virus that causes a severe disease in humans; there have been recent outbreaks of the epidemic worldwide (4, 6, 24, 25) . Thus, finding and developing an effective vaccine are needed to avoid CHIKV spreading and to prevent the disease's progression (26) .
In this study, we generated a new and effective CHIKV vaccine candidate based on the highly attenuated poxvirus vector MVA expressing the CHIKV C, E3, E2, 6K, and E1 structural genes (termed MVA-CHIKV). This novel vaccine candidate is highly stable in cell culture and expresses high levels of CHIKV antigens. We observed colocalization of the E2 protein expressed by MVA-CHIKV with the plasma membrane, which was highly expected given that E2 is responsible for viral attachment to the cellular surface via receptor binding prior to its entry via endocytosis (79) . Moreover, as it has been reported that the viral envelope protein E1, which forms a heterodimeric complex with E2 (13), plays a direct role in the fusion of the viral membrane to the plasma membrane and to intracellular membranes (80) ; therefore, it is very probable that we are visualizing E2 associated with E1. In addition, MVA-CHIKV induces specific morphological cell alterations with the formation and accumulation of Golgi apparatus-derived membranes. This striking overgrowth of Golgi stacks may be due to the presence of a large amount of CHIKV structural proteins, especially E1 and E2, that interact with cellular membranes directly and that somehow might induce the profusion of certain cellular membranes. Furthermore, we have not detected virus-like particles (VLPs), other than the C, E3, E2, 6K, and E1 CHIKV proteins expressed by MVA-CHIKV (from CHIKV strain LR2006 OPY-1), after infection of HeLa cells. The lack of VLP formation after cloning and expressing this same structural CHIKV cassette has been shown to be strain dependent, with the yield of VLPs from CHIKV strain 37997 approximately 100 times more than that from CHIKV strain LR2006 OPY-1 (37) (38) (39) . Moreover, MVA-CHIKV triggers a robust innate immune response with the upregulation of IFN-␤, proinflammatory cytokines, and chemokines in human macrophages and moDCs, effector molecules which are likely to influence the type of immune B and T cells activated and, in turn, the vaccine's efficacy. The increases in innate immune responses triggered by MVA-CHIKV and the parental virus, MVA-GFP, were similar, revealing that this enhancement may not be due to the heterologous GFP or CHIKV antigens present in the MVA genome but rather due to the absence in MVA-GFP and MVA-CHIKV of the VACV immunomodulatory C6L, K7R, and A46R genes, whose deletion was previously described and which enhanced the innate immune responses elicited by an MVA-based HIV/AIDS vaccine candidate (51) . Furthermore, MVA-CHIKV is highly immunogenic in C57BL/6 mice, inducing strong, broad, and polyfunctional CHIKV-specific CD8 ϩ T cell adaptive and memory immune responses. Most of the responses were directed against E1 and E2 and to a lesser extent against C, and CHIKV-specific CD8 ϩ effector memory T cells were induced. Interestingly, the vaccine induced high titers of neutralizing antibodies against CHIKV, even after a single dose. Remarkably, just a single dose of MVA-CHIKV protected all mice from challenge with CHIKV, showing a strong protective effect in this experimental model. This relevant characteristic may be important in future human clinical trials in the areas were CHIKV is endemic, where a CHIKV vaccine that induces a long-term protective effect after one or two doses is desirable. Currently, there is not a licensed vaccine that can control CHIKV infection (26) , although several CHIKV vaccine candidates have been developed using different strategies (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . All these approaches were immunogenic in preclinical trials (mice or nonhuman primates) or early human clinical trials, but many of them required many immunizations and will be expensive to manufacture. Thus, further improvements are needed to obtain a strong and long-lasting protective immunity in humans, with fewer immunizations, a greater safety profile, and low costs.
Poxviruses and, in particular, MVA have been extensively used as vectors against many different infectious diseases, such as HIV, malaria, tuberculosis, hepatitis B, hepatitis C, influenza, and cancer (46) (47) (48) (49) . For use as vaccine candidates against different infectious diseases, MVA vectors contain some ideal characteristics, such as a good safety profile, low cost, ease of manufacture, high expression of heterologous antigens, and high immunogenicity profile. Furthermore, it has been reported that a viral vector, such as vaccinia virus, induces high levels of memory B cells (81) that are maintained much longer than protein antigen vaccines, playing a role in the maintenance of protective immunity because of the strong innate responses during vaccination.
The high innate, adaptive, and memory cellular immunogenicity and humoral immune responses elicited by MVA-CHIKV will likely contribute to the effective protection observed in C57BL/6 mice and will be a more effective way to obtain durable protection against CHIKV. Strong innate immune responses, with high levels of type I IFN, proinflammatory cytokines, and chemokines, have been detected in acute CHIKV-infected patients (64) (65) (66) (82) (83) (84) (85) (86) (87) (88) (89) (90) , nonhuman primates (91) , and mice (62-64, 66, 92, 93) and might play a critical role in controlling virus replication. Although high levels of some proinflammatory cytokines have been associated with disease severity (82) (83) (84) (85) (87) (88) (89) , type I IFN was identified as a key mediator responsible for viral clearance, and IFN-stimulated genes (ISGs) or IFN response factors 3 and 7 have been described to be critical in the control of CHIKV infection (63, 64, 66, 90, 94, 95) . Moreover, IFN-␣/␤ knockout mice (A129 mice) exhibited severe CHIKV disease (62-64, 66, 92) , confirming the key role of type I IFNs in the control of CHIKV infection, by restricting virus replication early in the infection, although their effects are not enough to eliminate CHIKV from infected hosts. In fact, it has been reported that in the absence of an IFN-␣/␤ response, IFN-␥ partially controls CHIKV replication (77) . Therefore, our results showing that MVA-CHIKV promotes a strong innate immune response in human macrophages and moDCs, upregulating the expression of IFN-␤, IFN-inducible genes (IFIT1 and IFIT2), and some key cytosolic sensors that lead to antiviral IFN production (RIG-I and MDA-5), could be relevant to promoting the recruitment of leukocytes to sites of infection and therefore be an efficient antiviral defense in the control of CHIKV infection after challenge.
In epidemiological studies, anti-CHIKV antibodies have been shown to play an important role in protection (70, (72) (73) (74) . In addition, natural antibodies present in the sera of uninfected C57BL/6 mice were able to partially inhibit CHIKV (75) . Furthermore, therapies based on passively transferred anti-CHIKV neutralizing antibodies conferred protection to A129 mice (42, 44, 45, 70, 71, 73, (76) (77) (78) and nonhuman primates (37) against CHIKV and protection to mice against more distantly related arthrogenic alphaviruses (43, 93, 96) , establishing the key role of humoral immunity in the control of CHIKV replication. Interestingly, complete protection from CHIKV challenge can be obtained using adoptive transfer of antibodies induced by immunization with a CHIKV/IRES vaccine candidate and occurs in the absence of CD4 ϩ /CD8 ϩ T cells (42); a titer of 35 for neutralizing antibodies was sufficient to protect mice from a challenge with 100 PFU of CHIKV (42) . Thus, the high titers of CHIKV-neutralizing antibodies induced by MVA-CHIKV in C57BL/6 mice, even after just one dose, is an important feature that may represent one of the most relevant parameters necessary to control CHIKV infection. In fact, we obtained NT 50 neutralization titers of 10 3 to 10 4 , compared to titers of 35 obtained previously using a CHIKV/IRES vaccine candidate (42); these were sufficient to protect mice from a challenge with a high dose of CHIKV (10 6 PFU). The role of T cell responses in controlling CHIKV infection is not well understood, although they are probably needed to maintain long-term immunity, as CD8 ϩ T cells are important in the control of virus-infected cells and CD4 ϩ T cells are associated with the development of humoral immune responses (67, 68) . Humans infected with CHIKV have large numbers of activated CD4 ϩ and CD8 ϩ CHIKV-specific T cells (65, 87) , and a combination of strong innate immunity and CD8 ϩ T cells was associated with the acute phase of infection, while CD4 ϩ T cells were developed at a later stage of infection (65) . CHIKV-specific CD4 ϩ and CD8 ϩ T cells producing IFN-␥ were induced after CHIKV infection in C57BL/6 mice, but neither CD4 ϩ nor CD8 ϩ T cells were needed to control CHIKV viremia in C57BL/6 mice, and CD4 ϩ T cells are involved in the pathology detected in the footpads of infected A129 mice (97) . Furthermore, a CHIKV/IRES vaccine candidate activates adaptive CD4 ϩ and CD8 ϩ T cell and memory immune responses in A129 mice, but the adoptive transfer of these T cells did not confer protection against CHIKV challenge (42) . However, CD4 knockout mice control CHIKV infection despite having small amounts of anti-CHIKV antibodies, showing that the breath of protective antibodies upon infection of mice with CHIKV is dependent on CD4 ϩ T cells (75) . Thus, CHIKV-specific T cell immune responses occur early in infection and play an early role in the control of viral replication, prior to generation of neutralizing antibodies. Therefore, our results showing that MVA-CHIKV induced high, broad, and polyfunctional CHIKV-specific CD8 ϩ T cells producing CD107a, IFN-␥, TNF-␣, and/or IL-2 in the adaptive and memory phases could be important in the protective effect observed in C57BL/6 mice, also if we take into consideration the fact that CHIKV challenge was administered 7 weeks after the last immunization. CHIKV-specific CD8 ϩ T cells were directed mainly against E1 and E2, in a way similar to what has been previously described for C57BL/6 mice vaccinated with other CHIKV vaccine candidates after analysis of the immune response by enzyme-linked immunosorbent spot assay (ELISPOT) (33, 41) . The fact that we detected only CHIKV-specific CD8 ϩ T cell responses, and not CD4 ϩ T cells, is due to the use of synthetic CHIKV C, E1, and E2 peptides that contain CD8 ϩ T cell epitopes (41) . Thus, generation of CHIKV-specific T cell responses by MVA-CHIKV may complement the strong humoral immune responses induced by the vaccine, leading to protection from CHIKV challenge.
Modified A129 mice, lacking the IFN-␣/␤ receptor, are susceptible to lethal CHIKV infection (62) , and some CHIKV vaccine candidates have been tested in this animal model to assess immune protection after challenge with CHIKV (34, (42) (43) (44) (45) 77) . However, adult C57BL/6 mice can be used as a model of CHIKV disease when CHIKV challenge is administered to the footpad (93, 98) . Thus, to avoid the possibility that normal humoral and cellular immune responses against CHIKV are affected by the lack of a functional IFN-␣/␤ response, we have defined the immunogenicity and efficacy of MVA-CHIKV in C57BL/6 wild-type mice as for other CHIKV vaccine candidates (33, 41) . In our study, we analyzed foot swelling and not cell infiltration or tissue damage postchallenge. However, it has been described that, in our infection model, the level of foot swelling postinfection correlates to the level of mononuclear infiltrates and proinflammatory mediators, as well as tissue damage (93, 98) , supporting the notion that CHIKV arthritis is an inflammatory disease; we therefore assume that the lack of foot swelling observed in mice immunized with MVA-CHIKV reflects a negligible level of local inflammatory cell infiltration and tissue damage. We cannot exclude the possibility that viral replication occurs in the feet, as we have analyzed only CHIKV viremia. However, it would be difficult to differentiate between the 10 6 PFU CHIKV injected at challenge and the possi-bly newly produced CHIKV, since high levels of viremia are present in feet as long as 9 days after infection (93, 98) .
In conclusion, in this investigation, we described a novel CHIKV vaccine candidate based on the MVA vector (MVA-CHIKV) and defined its resulting innate, adaptive, and memory cellular immunogenicity, together with its ability to induce neutralizing antibodies against CHIKV, and efficacy in a mouse model. We showed that this vector is strongly immunogenic, eliciting high innate immune responses and strong CHIKVspecific humoral and cellular B and T cell immune responses, and is highly effective in protecting all mice from challenge with CHIKV after only one dose. Thus, this viral vector, MVA-CHIKV, represents a promising vaccine candidate against CHIKV and deserves to be further tested in nonhuman primates and in phase I clinical trials. We thank Victoria Jiménez and Cristina Sánchez for tissue culture and virus growth and Janett Wieseler for excellent technical assistance with the CHIKV neutralization assay. We thank Philippe Desprès, Marc Lecuit, Therese Couderc, and Lisa F. P. Ng for providing anti-CHIKV antibodies and Félix Rey for providing the E2-E1 cell line.
ACKNOWLEDGMENTS
